Abstract: Advanced materials such as metal alloys, carbon fibre composites and engineered polymers have improved athlete performances in all sporting applications. Advances in manufacturing has enabled increases in design complexity and the ability to rapidly prototype bespoke products using additive manufacturing also known as 3D printing. Another recent fabrication method widely used by medical, electronics and armaments manufacturers is particulate injection moulding. This process uses exact quantities of the required material, in powder form, minimising resource and energy requirements in comparison to conventional manufacturing techniques. The process utilises injection moulding techniques and tooling methods developed and used in the plastics industry. It can produce highly complex component geometries with excellent repeatability and reduced cost where volume manufacturing is required. This is especially important when considering materials such as titanium that are not only expensive in comparison to other metals but are difficult to process by regular machining and fabrication methods. This work presents a review of titanium use in the sporting sector with a focus on sporting devices and equipment. It also proposes that the sports engineering sector could increase performance and enable improvements in safety by switching to design methods appropriate to processing via the particulate injection moulding route.
Introduction
The use of titanium metals in the medical, chemical and marine industries utilise the low mass, high strength, high corrosion resistance and bio compatibility compared to carbon steels [1] . Other advanced materials such as carbon fibre composites, ceramics and engineered polymers offer many of the same material properties and have enabled improved performance in many sporting applications such as cycling, kayaking and running [2, 3] . Most recently the uptake of the additive manufacturing process referred to as 3D printing has seen even more developments in these areas [4] . This has also shown increases in design complexity and the ability to rapidly prototype bespoke products using ceramics, metals and polymers [5] .
Another recent processing method successfully employed in the medical, electronics and armaments manufacturing sectors is particulate injection moulding (PIM) [6] [7] [8] . This process emerged in the 1920s with its first commercial application for production of the ceramic insulators on spark plugs used in the internal combustion engine [7, 9, 10] .
In the late 70s the process went commercial with interest in fuel cells and the semiconductor industries becoming so intense, that it became a realistic proposition [11] [12] [13] . A combination of techniques from the powder metallurgy and composite manufacturing utilises exact quantities of powders thereby minimising resource and energy requirements in comparison to conventional manufacturing techniques. The process also utilises injection moulding techniques and tooling methods developed and used in the plastics industry. As such metal injection moulding (MIM) can produce highly complex component geometries with excellent repeatability and reduced cost where volume manufacturing is required. The process can produce all of the geometries producible using polymers as well as many that can be produced by no other means [14] .
One of the barriers to using titanium in many applications is the cost of the raw material when compared to metals such as readily available ferrous metal alloys and aluminum despite the better materials properties. This barrier is similar to that seen for carbon fibre composites in the 1990s with interest shown by aero giant Boeing [15, 16] . Therefore, increases in demand for titanium will provide a reallocation of the metal from aerospace only use to general market use. It is already showing with growth in the additive manufacturing sector encouraging global investment in raw material production especially for metals such as titanium.
Another challenge seen with many powder metallurgy processes is that material density and fatigue properties are generally seen to be lower than for comparable bar stock. These issues can be eliminated by using secondary processes such as forging, isostatic compression and surface treatments. They can also be reduced by using finer powders, optimizing thermal profiles and with the addition of alloying elements such as boron and iron [17] .
Background
Despite the cost the sport and leisure sector has been using titanium for many years [2] . Titanium is providing benefits for Paralympic athletes, wheel chair [18] and disabled sports [19] . It is showing strongly for amputees limb replacement ( Figure 1a ) as well as orthopedic inserts [20] where is considered to improve osseointegration and reduction/elimination of micro-motion causing damage [21] . Most prevalent is use in golfing ( Figure 1b) as evidenced in the uptake for golf clubs [22] , shafts [23] and balls. It is used in for sports shoes such as track sprinting and climbing spikes [24] , motor sports for brackets and drive chains [25] and, skiing in both skis and bindings [26] . Titanium is also indirectly in demand for use in instrumentation and sensor devices cases [27] as well as new smart watches used for sport and leisure monitoring. Cycling is also embracing titanium use [28] , in 1982 the Lotus Sport bicycle, developed by Mike Burrows of England, used titanium for saddle, brackets and cranks [29] . More recently Australian bicycle manufacturer Bastion Cycles Pty Ltd (http://bastion-cycles.com) is using titanium lugs and brackets although not currently produced using PIM. Figure 2 shows other cycle componentry, the derailleur component (a) and the gear (b) produced by MIM from titanium metal. 
Metal Injection Moulding
In order to justify investment in new fabrication processes and the development of products using a new technology there has to be an economic and/or a performance benefit identified to outweigh the cost and the risk element. It has been shown above that there is a market demand for titanium use due to its ability to impart superior specific properties, corrosion resistance, light weight and high strength. Further cost benefits can be gained with the use of particulate processing techniques that reduce raw material usage due to net shape production the minimizes or even eliminates waste. This supports sustainability practices [27] gaining support by the new generation of industrial designers and engineering specifiers with mandates to practice social enterprise.
The global PIM market indicates the process is most viable for small components (1 to 20 g steel). The leading components are through mass production of electronic devices, such as smart phones, manufacturing with 100,000 units per day not uncommon. However, it is also shown to be a viable process for volumes of 5000 per annum [7] and even lower volumes can be seen to be profitable where the component size is large, material value is high, conventional processing is not possible and the complexity is high. Consider a very simple production tool has a useful life of 100,000 components at a cost of NZ$10,000-20,000 and this is a barrier to low product volumes or product development where the outcome is uncertain. The use of rapid tooling and mould inserts enable cost effective tooling to produce 10 s or 100 s of units and therefore enable the lower volumes and investigation with reduced risk. Current developments also enable profitable production of large (300 g titanium) components such as the marine hold-down shown in Figure 3 . This component is produced in batches as small as twenty and less than 1000 annually. Globally the leading sector for PIM markets varies geographically depending on the consumer base. Asia leads the electronics sector; North America leads the medical sector and Europe leads the consumer sector [8] . The process is also proving viable for thin wall (<1.0 mm) sections as well as reduce the need for assembly of parts when combined with complex tooling. It is a proven method of maintaining tight tolerances and is a cost-effective process for volume manufacturing [6, 8] .
An Overview of the Fabrication Process
The MIM process utilises the high surface energies of finely divided powders (<100 μm) that enables consolidation at temperatures of 70% those required for conventional melt processing of ingot and bar stock. Another benefit of the MIM process is that the majority of the processing is done at temperatures similar to those used to process thermoplastic polymers. The PIM process is a combination of the four processing steps as depicted in Figure 4 and narrated in the subsequent PIM process outline below. The following is an outline of the PIM process.
Feedstock formulation
A thermoplastic carrier system is formulated and compounded with the titanium particles at powder loadings of 50 to 70% by volume. This allows the powders to flow during the moulding process and bind them together at ambient temperatures.
Greenpart formation
The feedstock is loaded into the injection moulding machine and heated. The binders encapsulating the powders melts enabling the powders to flow into the mould cavity. The mould is produced similarly to those used in polymer moulding. The moulded feedstock is allowed to cool and once removed from the mould is referred to as a green part.
Brownpart formation
The greenpart is then debound a process where the binder is slowly removed. The debinding is typically a solution process, a thermal process or a combination of the two. It must be done in such a fashion as to retain the desired shape and once completed is referred to as a brown part.
Consolidation
The final consolidation is a thermal process referred to as sintering where the particles coalesce and the brownpart shrinks by the volume vacated by the binder system during debinding.
Where the reader is interested in processing parameters the following publications by the author et.al. are suggested [14, 21, 31, 32] .
Component Design
The use of relatively unknown technologies such as PIM presents challengers that designers and manufacturers must address to move ahead in their approach to product development. In the traditional approach to design the use of practiced and proven geometries and conventional machining processes is safe but may hinder innovation. It is important to understand that although the design and mechanical properties of a component are dependent on material properties, designs can be modified to overcome material deficiencies and ensure products are fit for purpose. This in combination with repeatability, cost savings and waste reduction can be more attractive than matching a global standard that has been created to meet aerospace or medical requirements and that for sports equipment is likely adding further cost without enabling performance improvements.
Conclusions
In order to justify investment in a new fabrication process the development of products must enable economic benefits for volume manufacturing or performance benefits for athletes that outweigh the cost and the risk element. Fabrication using the PIM process enables production of complex geometries using titanium metals that would otherwise be extremely expensive, difficult to produce using conventional machining processes or both. The process does come with challenges similar to those seen for traditional powder metallurgy such as lower fatigue strengths and densities than when using conventional bar stock. However as with many powder processes it enables custom alloys and waste minimisation not otherwise seen. In conjunction with this design for process, production and performance is essential.
